Abstract. The aim of the present study was to examine whether activation of the nuclear factor E2-related factor 2 (Nrf-2)/heme oxygenase-1 (HO-1) antioxidant pathway in the cornea was involved in the protective effect of sulforaphane (SF) following keratoconus (Kc) injury. Following epithelial debridement, collagenase type II was applied in Kc groups at room temperature for 30 min. Following this, rabbits were administered with a subconjunctival (s.c.) injection of SF or placebo (maize oil) daily for a total of 2 weeks. To investigate whether HO-1 was involved in the Nrf-2-related antioxidant pathway, rabbits were injected with zinc (II) protoporphyrin IX (ZnPP IX, s.c.) treatment in combination with SF 24 h following the application of collagenase type II. The protective effects of SF were evaluated by examining the mean keratometry (Km) and central cornea thickness (ccT), measuring reactive oxygen species (ROS) production using immunofluorescent staining, and analyzing the protein expression of NAdPH oxidase (Nox) family members Nox-2 and Nox-4, and Nrf-2 and HO-1 using immunohistochemistry and western blot analysis. The mRNA levels of Nox-2, Nox-4, Nrf-2 and HO-1 were quantitatively detected by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. No significant difference in Km or ccT was observed among groups prior to surgery (P=0.700 and P=0.982, respectively). Kc induced an apparent increase of ROS generation, and caused a significant increase in Km and a significant decrease in ccT. These changes were neutralized or reversed by SF treatment. Simultaneously, SF treatment decreased the expression of Nox-2 and Nox-4, and enhanced the expression of Nrf-2 and HO-1 in the Kc corneas. The RT-qPcR results indicated that SF induced downregulation of the mRNA expression of Nox-2 and Nox-4, and upregulation of the mRNA expression of Nrf-2 and HO-1 following Kc injury. The HO-1 inhibitor, ZnPP IX, counteracted the protective effects of SF on Kc corneas. Therefore, the present study provided evidence that activation of the Nrf-2/HO-1 signal transduction pathway may partially promote the protective effect of the antioxidant SF in the Kc cornea.
Introduction
Keratoconus (Kc) is the leading cause of eye blindness. Typically, Kc begins in adolescence and progresses until the patient is aged 30-40 years, when it usually arrests (1) . Kc is characterized by the conical protrusion of the cornea and is accompanied by corneal stromal thinning (2) . Patients with Kc have anomalous corneal astigmatism and myopia, which can result in progressive visual impairment and may necessitate corneal transplantation in order to maintain or improve vision (1) . corneal transplantation is expensive and donated corneas are scarce. To date, there have been no investigations of drugs for Kc. Therefore, there is a pressing need to identify effective drugs to maintain normal function of the cornea and to stop or slow down the development of Kc.
There is currently no therapeutic target associated with the disease mechanism of Kc, as the pathology remains to be fully elucidated. certain factors are associated with the pathogenesis of Kc, including environmental and genetic factors (3, 4) , oxidative stress and cytokine signaling. Numerous studies have demonstrated the effect of oxidative stress on the pathogenesis of Kc disease, and oxidative damage occurs in this corneal disorder (5) (6) (7) (8) . Oxidative stress is a sign of reactive oxygen species (ROS) accumulation, and cultured Kc fibroblasts exhibit increased ROS generation compared with normal cultures (7, 8) . Therefore, there has been considerable interest in the potential of developing antioxidative therapies for Kc-associated damage.
Nuclear factor E2-related factor 2 (Nrf-2) is key role in antioxidant/electrophile response element (ARE/EpRE)-regulated gene expression (9) , via binding to ARE/EpRE and transactivating downstream target genes. ARE/EpRE-regulated phase II detoxifying antioxidants and enzymes, including heme oxygenase-1 (HO-1), are important antioxidants involved in regulating elevated oxidative stress and maintaining the redox status in numerous biological settings (10, 11) . Nrf-2 is sequestered in the cytosol by Kelch-like EcH-associated protein 1 (Keap1) and is targeted for proteasomal degradation under physiological conditions (9, 12) . Under oxidative stress conditions, Nrf-2 is dissociated from Keap1, constitutively accumulates in the nucleus and stimulates the transcription of cytoprotective genes encoding antioxidant enzymes, including the stress response protein HO-1 (9, 12) .
The Nrf-2 activator sulforaphane (SF), as a potent inducer of phase II enzymes, is a natural compound derived from cruciferous vegetables, particularly broccoli (13) . It has been demonstrated that SF may have a neuroprotective function in several experimental animal models (14) (15) (16) . Numerous pathological features can be manifestations of ROS-associated functional defects. Antioxidant exposure has a favorable effect on the Nrf-2/ARE signaling pathway in several types of tissues and cells. It is well established that SF has protective effects that lead to an increase in the expression of numerous antioxidant proteins (17) . SF promotes the translation of cytoprotective proteins by activating the Keap1/Nrf-2/ARE pathway and has a catalytic effect. It has also been reported that other antioxidative compounds increase antioxidant gene expression and downregulate ROS-generating oxidase gene expression in Kc stromal cells (18) . The present study aimed to investigate whether the treatment of Kc keratocytes with the antioxidant SF advantageously alters the protein expression of molecules involved in ROS-associated pathways (endogenous antioxidant proteins and ROS-synthesizing oxidases). As the Nrf-2/ARE axis is being considered for therapeutic drug identification (19) , the data presented in the present highlight the importance of monitoring the pharmacological actions of Nrf-2 activators (SF) in conditions that simulate the pathological states associated with Kc.
Materials and methods

Animals.
A total of 56 female New Zealand white rabbits, 6-7 months old, weighing 3.0-3.5 kg, were used in the present study. The animals were obtained from Beijing FYY Laboratory Animal co., Ltd. (Beijing, china; ScXK 2014-0012). The rabbits were housed in a controlled environment with a 12-h light/dark cycle. Food and water were available ad libitum. continuous clinical care (24 h per day/7 days per week) was provided throughout the investigation to ensure timely intervention when required. The experimental protocol was approved by the Ethical committee of Peking University First Hospital (Beijing, china). All animals used in the present study were treated in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research (https://www. arvo.org/About/policies/statement-for-the-use-of-animals-in-o phthalmic-and-vision-research/).
Animal model of KC. Briefly, collagenase type II (Worthington Biochemical corporation, Lakewood, NJ, USA) was obtained in powder form and dissolved in balanced salt solution with 15% dextran (Adamas Reagent co., Ltd., Shanghai, china) to a final concentration of 5 mg/ml. The rabbits were anesthetized intravenously with 0.6 ml/kg of 5% sodium pentobarbital (30 mg/kg). Topical anesthesia using 0.4% oxybuprocaine hydrochloride eye drops was applied to the eyes. Following epithelial debridement, corneal trephines were placed on the cornea. In the right eye, 200 µl of 5 mg/ml collagenase type II solution was transferred into the corneal trephines, and the cornea was immersed in collagenase type II solution at room temperature (24˚C) for 30 min (20) . The solution was then removed with cotton swabs, and the cornea was rinsed with 0.9% sodium chloride solution. The right eyes were treated as the experimental eyes throughout the experiment. The left eyes did not undergo any treatment. Prior to surgery, the rabbit eyes underwent slit-lamp examinations, which were repeated every day during the 14-day study.
Experimental design. At 24 h following induction of the Kc model, SF (d,L-sulforaphane, 5 mg/ml, Sigma-Aldrich; Merck KGaA, darmstadt Germany; dissolved in maize oil) (21) or maize oil (placebo) was administered via a subconjunctival (s.c.) injection daily for a total of 2 weeks until the animals were sacrificed. As an HO-1 inhibitor, zinc (II) protoporphyrin IX (ZnPP IX, 5 mg/ml; Sigma-Aldrich; Merck KGaA), was administered 24 h following application of collagenase type II solution via s.c. injection in combination with SF. The ZnPP IX was dissolved in 0.1 mol/l NaOH (1 ml). The pH of the solution was adjusted to 7.4 using 1 mol/l Hcl, and then diluted to the final concentration required using 0.9% NaCl (22, 23) . All drug treatments were administered at a fixed time each day. A total of 56 rabbits were divided randomly into four experimental groups (n=14 per group): Sham-operated group (eyes subjected to the same protocol as model rabbits, but the applied solution lacked collagenase type II; control); placebo group (rabbits were injected s.c. with maize oil 24 h following corneal Kc model establishment; Kc); SF-treated group (rabbits were injected s.c. with SF 24 h following corneal Kc model establishment; Kc + SF); the ZnPP-treated group (SF and ZnPP IX were injected s.c. 24 h following corneal Kc model establishment; Kc + SF + ZnPP). The rabbits were sacrificed by administering an overdose of pentobarbital sodium 14 days following establishment of the corneal Kc model.
Corneal keratometry (Km).
Km was performed on the day prior to surgery and 14 days following surgery using a handheld keratometer (Suowei; Tianjin Suowei, Tianjin, china). Eight measurements were recorded at each time point, and the mean Km was recorded in diopters (d) in all experimental groups.
Corneal pachymetry. central cornea thickness (ccT) was recorded on the day prior to surgery and 14 days following surgery using a handheld pachymeter (PachPen; Acctome Ultrasound, Malvern, PA, USA) under topical anesthesia. Six measurements were recorded at each time point and the mean ccT (µm) was recorded in all experimental groups.
Detection of ROS production. ROS production was evaluated based on dihydroethidium (dHE; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) measurements, as previously described (24) . Following removal of the eyeball, the fresh cornea was harvested and immediately flash-frozen in liquid nitrogen (n=4 per group). The frozen sections (10-µm thick) were washed three times with 0.01 M PBS (pH 7.2-7.4) and then incubated with 5 mM dHE dissolved in PBS solution for 30 min at room temperature. DHE specifically reacted with superoxide anion free radicals and was transformed into red fluorescent compounds. The sections were observed and images were captured with a fluorescence microscope (Eclipse ci-E; Nikon corporation, Tokyo, Japan) under the same exposure conditions, and the average optical density of the fluorescent dye in the corneal stroma layer was measured using randomly selected images. Three fields of view were observed per animal. The fluorescence intensities of the DHE-tagged cells were quantified with Adobe Photoshop CS5 (Adobe Systems, Inc., Beijing, china).
Immunohistochemical staining. The rabbits were sacrificed by intravenous injection with an overdose of pentobarbital sodium on day 14 (n=4 per group). The eyeballs were then removed and post-fixed with 4% paraformaldehyde overnight, processed into paraffin wax, cut into 5-µm thick sections and placed on glass slides. The sections were dehydrated at 37˚C overnight, dewaxed and then rehydrated. Hematoxylin and eosin (H&E) staining was performed to detect changes in corneal tissue structure in the four experimental groups. Hydrogen peroxide (3%) was used to block endogenous peroxidase for 20 min, and the sections were then heated to promote antigen repair in pH 6.0 citrate buffer. The sections were then placed into cold water prior to immunostaining. Following 30 min of incubation with normal serum (I5506-100MG; Sigma-Aldrich; Merck KGaA), the sections were incubated with primary antibodies at 4˚C for 24 h. The primary antibodies were as follows: Rabbit polyclonal anti-NAdPH oxidase (Nox)-2 (1:200; cat. no. ab80508; Abcam, cambridge, MA, USA), rabbit polyclonal anti-Nox-4 (1:200; cat. no. NB110-58849; Novus Biologicals, LLc, Littleton, cO, USA), rabbit polyclonal anti-Nrf-2 (1:500; cat. no. bs-1074R; Bioss, Beijing, china) or rabbit polyclonal anti-HO-1 (1:100; cat. no. AdI-SPA-895-F, Enzo Life Sciences, Inc., Farmingdale, NY, USA). The immunoreaction was localized using a 2-step Plus Poly-HRP Anti-Mouse/Rabbit IgG detection system (PV-9000, OriGene Technologies, Inc., Beijing, china). HRP activity was shown via dipping the sections in a compound containing 3,3'-diaminobenzidine (dAB) chromogen and dAB substrate (ZLI-9018, OriGene Technologies, Inc.) at room temperature for 5 min. The sections were mounted, air-dried, dehydrated and cover-slipped. No positive signals were detected in any negative control samples. Images of the stained sections were captured using an Olympus optical microscope (Olympus corporation, Tokyo, Japan).
Western blot analysis. The rabbits were sacrificed by intravenous injection of an overdose of sodium pentobarbital on day 14 (n=3 per group). Briefly, the cornea was separated and frozen at -80˚C within 2 min of enucleation. The cornea was then sonicated on ice with lysis buffer (Santa cruz Biotechnology, Inc., dallas, TX, USA). The protein concentration of the extracts was detected (n=3 per group) using a bicinchoninic acid protein quantification kit (cat. no. P1511, Applygen Technologies, Inc., Beijing, china). Equal quantities of protein (20 µg/channel) were resolved by 10% or 12% SdS-PAGE. The proteins were then electrophoretically transferred onto Immun-Blot PVdF membranes (cat. no. 162-0177, Bio-Rad Laboratories, Inc., Hercules, cA, USA), which were blocked with 5% non-fat milk and then incubated with the following antibodies overnight at 4˚C: Rabbit polyclonal anti-Nox-2 (1:1,000; cat. no. ab80508), rabbit polyclonal anti-Nox-4 (1:500; cat. no. NB110-58849); rabbit polyclonal anti-Nrf-2 (1:500; cat. no. bs-1074R), rabbit polyclonal anti-HO-1 (1:500; cat. no. AdI-SPA-895-F) and mouse monoclonal antibody against β-actin (1:2,000; cat. no. A1978, Sigma-Aldrich; Merck KGaA). Then, the membranes were washed and incubated with a Peroxidase-AffiniPure Goat Anti-Mouse IgG (H+L) (1:2,000; cat. no. 115-035-003; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and a peroxidase-conjugated donkey anti-rabbit IgG (H+L) (1:2,000; cat. no. 711-035-152; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room temperature. The protein bands were visualized and analyzed using Super EcL hypersensitive luminescent solution (cat. no. P1020; Applygen Technologies, Inc.) and a gel image analysis system (GBOX-cHEMI-XT4; Synoptics Ltd., cambridge, UK) according to the manufacturer's protocol. The immunoblot experiments were repeated at least three times independently for quantification (n=3 per group) and ImageJ software (version 1.4.3; National Institutes of Health, Bethesda, Md, USA) was used for analysis.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The mRNA expression of all samples was evaluated by RT-qPcR analysis as previously described (25, 26) . Briefly, total RNA was extracted using the RNA Mini extraction kit (cat. no. 12183555; Thermo Fisher Scientific, Inc.). The purity and concentration of RNA were quantified using a Nanodrop Spectrophotometer Nd-1000 (n=3 per group). cdNA synthesis was performed using a PrimeScript RT reagent kit (cat. no. RR047A; Takara Biotechnology co., Ltd., dalian, china), according to the manufacturer's protocol, with an ARKTIK Thermal cycler (Thermo Fisher Scientific, Inc.). qPcR was performed using SYBR Premix Ex Taq II (cat. no. RR820A; Takara Biotechnology co., Ltd.). PcR was performed with 10 ng cdNA in a 20-µl reaction system (2 µl cdNA, 0.8 µl 10 µM forward primer, 0.8 µl 10 µM reverse primer, 10 µl PcR mix buffer, and 6.4 µl sterilized distilled water) using a PikoReal 96 Real-Time PcR system (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The PCR conditions were as follows: 2 min of 50˚C, 30 sec at 94˚C and 40 cycles of 5 sec at 94˚C and 34 sec at 60˚C. The primers used are listed in Table I (AuGcT dNA-SYN Biotechnology co., Ltd., Beijing, china). The relative mRNA expression was normalized against the expression of β-actin and calculated using the 2 -ΔΔcq method (26) . By analyzing the melting curve, the property and purity of the amplified products were determined. All experiments were repeated at least three times.
Statistical analysis.
All values are expressed as the mean ± standard deviation. data analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, cA, USA). The results of multiple groups were compared using one-way analysis of variance followed by Tukey's post hoc test with SPSS 17.0 (SPSS, Inc., chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant difference.
Results
Changes in corneal tissue structure among the four experimental groups. No obvious inflammatory reaction was observed in any of the rabbits following the procedure in the four experimental groups (control, Kc, Kc + SF, and Kc + SF + ZnPP groups). The results of the H&E staining indicated that the corneal tissue structures of the four experimental groups were intact at day 14 post-surgery, and the cell morphology was normal (Fig. 1) . The corneal endothelial cells were lost in certain tissues due to section preparation and other reasons. The corneal epithelium in the four groups consisted of 5-6 layers of stratified squamous epithelium, and was closely connected with the stroma, suggesting that the epithelium had returned to normal ( Fig. 1A-d) . compared with the control group, the corneal stromal fibers were loosely arranged and the gap between the collagen fibers was increased in the KC group. compared with the control group, there was no marked change in the corneal tissue structures of the Kc + SF and Kc + SF + ZnPP groups ( Fig. 1E-L (Table II) . All values represent a change from the pre-surgery baselines (day 14-day 0). Graphic quantification of the changes in Km and ccT in all experimental groups is presented in Fig. 2 . Km in the KC group was significantly increased compared with that in the control group ( Fig. 2A; P<0 .001). Km in the Kc + SF group was significantly reduced compared with that in the Kc group ( Fig. 2A; P<0 .001). The change in Km in the Kc + SF + ZnPP group was more marked compared with that in the Kc + SF group ( Fig. 2A; P<0 .001). ccT in the Kc group was significantly reduced compared with that in the Control group ( Fig. 2B; P<0 .001). ccT in the Kc + SF group was significantly enhanced compared with that in the KC group ( Fig. 2B; P<0 .001). The change in ccT in the Kc + SF + ZnPP group was significantly = decreased compared with that in the Kc + SF group ( Fig. 2B; P<0 .001). The Kc model exhibited a significant increase in Km and a significant decrease in CCT, and these effects were weakened or reversed by SF. ZnPP IX, the HO-1 inhibitor, neutralized the protective effect of SF on the Kc cornea.
SF downregulates ROS generation in KC corneas.
The production of ROS in fresh corneas was measured with dHE staining in all groups. As shown in Fig. 3 , the basal level of ROS was low in the control group corneas (Fig. 3A) . However, ROS generation was increased markedly in the Kc corneas (Fig. 3B) , and this effect was decreased with SF treatment (Fig. 3c) . The production of ROS was enhanced in the Kc + SF + ZnPP group (Fig. 3d) . Representative images of corneal sections stained with dAPI were obtained from each group (Fig. 3E-H) . The merged images with double-label immunofluorescent staining using antibodies against DHE and dAPI are shown in Fig. 3I -L. ROS level analysis in the stroma of the cornea was consistent with the immunofluorescent results (Fig. 3M, n=4 per group) .
SF downregulates the expression levels of Nox-2 and Nox-4 in KC corneas. The Nox family of proteins is considered to be one of the most important ROS sources in the cornea, and Nox-2 and Nox-4 proteins are expressed at high levels in the corneal stromal cells of patients with Kc (8, 27) . Therefore, changes in the expression of Nox-2 and Nox-4 were evaluated in the corneas of the four experimental groups (n=4 per group). Images of the results are shown in Fig. 4A -L. The control group had relatively low Nox-2 immunoreactivity throughout the cornea (Fig. 4A, E and I ). In the Kc group, there was more marked Nox-2 immunoreactivity throughout the entire cornea (Fig. 4B, F and J) . The expression of Nox-2 in the Kc + SF group was reduced compared with that in the Kc group (Fig. 4c, G  and K) . The expression of Nox-2 in the Kc + SF + ZnPP group was markedly enhanced compared with that in the Kc + SF group (Fig. 4D, H and L) . Western blot analysis revealed that the basal level of Nox-2 in the control group corneas was lower than that in the Kc group corneas. Kc induced a significant increase in the expression of Nox-2 in the cornea (n=3, Fig. 4M ; P<0.001). The level of Nox-2 in the Kc + SF group was significantly decreased compared with that in the Kc group (n=3, Fig. 4M ; P<0.001). The level of Nox-2 in the KC + SF + ZnPP group was significantly increased compared with that in the Kc + SF group (n=3, Fig. 4M ; P<0.05). As shown in Fig. 5 , the control group exhibited relatively low Nox-4 immunoreactivity throughout the cornea (n=4, Fig. 5A , E and I). In the Kc group, there was more marked Nox-4 immunoreactivity throughout the entire cornea (n=4, Fig. 5B , F and J). The expression of Nox-4 in the Kc + SF group was more markedly decreased compared with that in the Kc group (n=4, Fig. 5c, G and K) . The expression of Nox-4 in the Kc + SF + ZnPP group was enhanced compared with that in the KC + SF group (n=4, Fig. 5D, H and L) . Western blot analysis revealed that the basal level of Nox-4 in the control cornea was lower than that in the Kc cornea. Kc induced a significant increase in the expression of Nox-4 in the cornea (n=3, Fig. 5M; P<0.001) . The level of Nox-4 in the Kc + SF group was significantly reduced compared with that in the Kc group (n=3, Fig. 5M ; P<0.001). The level of Nox-4 in the KC + SF + ZnPP group was enhanced significantly compared with that in the Kc + SF group (n=3, Fig. 5M ; P<0.05).
SF upregulates the nuclear translocation of Nrf-2 in keratocytes of KC corneas.
Under oxidative stress, Nrf-2 translocates into the cell nucleus and binds with ARE regions of the promoters of genes that encode antioxidant and phase II detoxifying enzymes to weaken cellular oxidative stress (28) . Therefore, the present study examined whether the excessive free radicals in Kc corneas were caused by the upregulation of Nrf-2. Images of staining are shown in Fig. 6A -L, The control group exhibited relatively low Nrf-2 immunoreactivity throughout the cornea (n=4, Fig. 6A, E and I ). In the Kc group, there was higher Nrf-2 immunoreactivity throughout the entire cornea (n=4, Fig. 6B, F and J) . The expression of Nrf-2 in the Kc + SF group was increased more markedly compared with that in the Kc group (n=4, Fig. 6c, G and K) . The expression of Nrf-2 in the Kc + SF + ZnPP group was lower, compared with that in the Kc + SF group (n=4, Fig. 6d, H and L) . Western blot analysis revealed that the basal level of Nrf-2 in the control cornea was lower than that in the Kc cornea. Kc induced a significant increase in the expression of Nrf-2 in the corneas (n=3, Fig. 6M ; P<0.01). The level of Nrf-2 in the Kc + SF group was significantly higher compared with that in the Kc group (n=3, Fig. 6M ; P<0.001). The level of Nrf-2 in the Kc + SF + ZnPP group was decreased significantly compared with that in the Kc + SF group (n=3, Fig. 6M ; P<0.001). SF-induced Nrf-2 pathway activation provided protection against corneal oxidative damage. ZnPP IX, the HO-1 inhibitor, reduced the activity of Nrf-2 on the Kc + SF cornea.
SF upregulates the expression of HO-1 in KC corneas.
Nrf-2 is a nuclear transcription factor that regulates the expression of HO-1 (29) . Therefore, the expression of HO-1, a downstream signaling pathway gene of Nrf-2, was investigated by immunohistochemical and western blot analyses in the present study. As shown in the images in Fig. 7A -L, the control group had weak HO-1 immunoreactivity in the entire cornea (n=4, expression levels of relevant antioxidant and oxidation genes, including Nox-2, Nox-4, Nrf-2 and HO-1, were evaluated in corneal stromal cells by RT-qPcR analysis in all experimental groups. As shown in Fig. 8 , the RT-qPcR results indicated that, compared with the control group, the mRNA expression levels of Nox-2, Nox-4, Nrf-2 and HO-1 in the Kc group were significantly increased (n=3, all P<0.05), which was consistent with the results of the western blot analysis. The mRNA levels of Nox-2 and Nox-4 in the Kc + SF group were decreased significantly compared with those in the KC group (n=3, Fig. 8; P<0.01) . The mRNA levels of Nrf-2 and HO-1 in the KC + SF group were increased significantly compared with those in the Kc group (n=3, Fig. 8; P<0 .01). The mRNA levels of Nox-2 and Nox-4 in the Kc + SF + ZnPP group were increased significantly compared with those in the KC+SF group (n=3 per group, Fig. 8; P<0 .05). The mRNA levels of Nrf-2 and HO-1 in the Kc + SF + ZnPP group were decreased significantly compared with those in the KC + SF group (n=3 per group, Fig. 8; P<0 .05). SF decreased the mRNA levels of Nox-2 and Nox-4, and increased the mRNA levels of Nrf-2 and HO-1 in the Kc corneas. ZnPP IX lessened the protective effect of SF on the Kc corneas. 
Discussion
The present study was designed to clarify the possible protective mechanism of SF in a Kc rabbit model. SF exerts a protective effect against oxidative stress in numerous biological settings. This protective effect may be induced through the Nrf-2-mediated induction of HO-1. The present study analyzed the expression of an ARE/EpRE-mediated antioxidant protein, HO-1, in the corneas of Kc rabbits and examined the possible effect of Nox on the activation of HO-1. Following surgery, KC caused a significant enhancement of ROS production, leading to a significant increase in Km and a significant decrease in CCT. These changes caused by KC were weakened or neutralized by SF treatment. Furthermore, SF treatment significantly lowered the protein expression of Nox-2 and Nox-4 and increased the levels of Nrf-2 and HO-1 in the Kc cornea. The HO-1 inhibitor, ZnPP IX, reduced the protective effect of SF on the Kc cornea. Therefore, the present study may be the first to demonstrate that the protective effect of SF on the Kc cornea is, at least be partially, accomplished via the Nrf-2/HO-1 antioxidant pathway.
The corneal Kc model mimicked clinical features, including a significant increase in Km and a significant decrease in ccT compared with the control group. Previous studies have indicated that corneal ectasia may be generated in vitro and in vivo by treatment with collagenase type II, with increased corneal Km and decreased ccT (20, 30, 31) . collagenase type II preferentially degrades collagen I, which is the main collagen component of cornea; therefore, it is possible that exposure to collagenase generates a KC model (32) . When considering the natural flattening of the cornea and the reduction in keratometry in both eyes, the total keratometry of the experimental eyes was increased by >2 d. Furthermore, the increase in keratometry and decrease in ccT following collagenase exposure lasted for 2 weeks, suggesting that the rabbit model of corneal ectasia generated by collagenase treatment is suitable for use in basic investigations of Kc.
In the past two decades, the main focuses of Kc biomechanical investigations have been on alterations in the composition of collagen fibers in the corneal stroma, the connection between fibrin layers, and the role of proteases, however, this has ignored the role of corneal stromal cells. Although corneal stromal cells account for <5% of the total corneal matrix, corneal stromal cells are able produce collagen fibers (33) (34) (35) . Therefore, corneal stromal cells may be the root cause of the role of corneal collagen fibers in KC. Furthermore, corneal stromal cells possess the function of synthesizing glycoproteins and mucins, and may be regulated by various chemical substances (34, 36) . The present study focused on the role of corneal stromal cells in the pathogenesis of Kc, the specific mechanism of oxidative stress in KC stromal cells, and the drug treatment response to this pathogenesis based on the Kc model used.
The overproduction of ROS has been regarded as a pivotal event in Kc corneas in certain studies (37, 38) , and this was also observed in the present study. Accumulating evidence suggests that oxidative stress is critical in the pathogenesis of Kc (5, 7, 38, 39) . This hypothesis was supported by excessive ROS and interference at the transcriptional level and/or antioxidant enzyme activity in Kc corneas compared with controls. However, the application and investigation of antioxidants in the prevention and treatment of Kc have been limited. It has been reported that the antioxidant riboflavin upregulates the expression of antioxidant compounds in Kc stromal cells, downregulates the expression of oxidase genes, and reduces ROS levels in KC (18) . Quercetin may be used to reduce oxidative stress regulatory signals involved in the pathogenesis of Kc (40, 41) . These antioxidative stress drugs may have potential in the clinical prevention and treatment of Kc.
SF is a member of the isothiocyanate family and is obtained from cruciferous vegetables, including Brussels sprouts, cabbage and broccoli (42) . As an Nrf-2 activator, SF has been identified to have multiple protective effects, and its role primarily depends on the activation and induction of the phase II expression of antioxidant enzymes (13, 17) . Numerous studies have reported that SF protects the heart, kidneys, liver and brain from ischemic injury via activation of the Nrf-2/ARE signaling pathway (17, (43) (44) (45) . The protective effects of SF in response to ocular diseases have also been demonstrated. SF has been shown to upregulate primary ARE/EpRE-mediated antioxidants and alleviate oxidative stress-induced corneal endothelial cell apoptosis in Fuchs endothelial corneal dystrophy through enhancing the nuclear translocation of Nrf-2 (46) . SF treatment has also been reported to protect retinal pigment epithelial and photoreceptor cells from optical damage and postpone retinal photoreceptor cell degeneration in mice through upregulating Nrf-2 (47, 48) . However, to the best of our knowledge, there has been no report on the effect of SF on corneal stromal cells in Kc and its clinical features. In the present study, it was demonstrated that SF significantly inhibited ROS generation in Kc stromal cells, enhanced corneal Km and reduced ccT in Kc, suggesting that SF exhibits an antioxidant function in Kc corneas and delays the progress of KC disease. This is the first evidence, to the best of our knowledge, of the antioxidative effect of SF on corneal stromal cells in a Kc model.
The mechanism underlying the effect of SF in reducing oxidative stress response in Kc was evaluated further by analyzing the expression of genes associated with the Nrf-2/ARE signaling pathway. Unlike other oxidoreductases, the Nox family is considered to be a distinct enzymatic source of cellular ROS generation as these enzymes are among the most effective ROS producers (49) . cornea stromal cells have been demonstrated to be capable of producing ROS (8, 27) . In the present study, Kc induced the generation of ROS, Nox-2 and Nox-4 in corneal stromal cells. The production of ROS in Kc corneas may be through the activation of Nox-2 and Nox-4. In the present study, it was demonstrated that SF significantly downregulated the expression levels of Nox-2 and Nox-4 in the Kc corneas. It was suggested that the downregulation in the expression of Nox-2 and Nox-4 following treatment with SF may act as an underlying contributor to the Nrf-2/ARE signaling pathway and regulated gene expression, and may be involved in the antioxidative stress protective mechanism in Kc corneas. This may provide valuable information on the mechanisms involved in the pathogenesis of Kc. The results suggested that SF has an anti-Nox-dependent ROS generating role in the Kc cornea, possibly by inactivating the expression of Nox-2 and Nox-4.
The downregulation of Nox-2 and Nox-4 following SF treatment may promote activation of the Nrf-2/ARE signaling pathway and regulate the expression of associated genes, and may be involved in the protective mechanism of SF on oxidative stress in Kc. Nrf-2 is critical to maintain the level of intracellular glutathione and redox balance, and it is also important in resisting oxidative stress via activating the expression of several ROS-detoxifying enzymes and stimulating the production of antioxidants (50) . Under normal physiological conditions, Nrf-2 is sequestered in the cell cytosol via an interaction with Keap1. Under oxidative stress conditions, Nrf-2 dissociates from Keap1, accumulates in the nucleus, and then binds to ARE regions in the promoters of antioxidants, including Nrf-2 itself and HO-1 combined with small Maf proteins (51, 52) . Several types of cellular stressors induce the protein expression of HO-1 through redox-sensitive factors, including Nrf-2, which has been identified as a pivotal transcription factor controlling antioxidant gene expression (53, 54) . HO-1 catalyzes the rate-limiting process of heme oxidative degradation to biliverdin, releasing carbon monoxide and iron. HO-1 is important in sustaining oxidative/antioxidant equilibrium (55) . In the present study, it was observed that SF treatment increased the accumulation of nuclear Nrf-2 and upregulated HO-1 in the corneas of the Kc rabbit model. The HO-1 inhibitor, ZnPP IX, reduced the activity of Nrf-2 in the Kc + SF cornea. The upregulation of Nrf-2 by SF treatment was associated with an increased level of HO-1 in the Kc corneas. The induction of HO-1 and Nrf-2 by SF may decrease damage in corneal stromal cells via recovering the balance of antioxidants and pro-oxidants in the cornea. This suggested that the activation of HO-1 and Nrf-2 may represent a key signaling pathway for mitigating the degree of cell damage attributed to oxidative stress in Kc corneas.
The findings of the present study suggested that the activation of Nrf-2, and the protective effect of SF, were likely to be due to control of the oxidative stress response via the induction of HO-1. SF induced a significant decrease of ROS production and increase of HO-1 protein in the present study. The ability of SF-mediated free radical production and its reaction with cysteine residues of Keap1 (56) lead to Nrf-2 defense signaling pathway activation. ZnPP IX, an HO-1 inhibitor, attenuated the protective effects of SF against oxidative stress injury in the Kc cornea. These observations suggested that the Nrf-2/HO-1 antioxidant signaling pathway was associated with the protective effect of SF on Kc-induced injury in the rabbit cornea. SF may reduce the damage from oxidative stress to corneal stromal cells by activating the Nrf-2/HO-1 axis, thereby reducing the corneal Km and increasing ccT, and delaying the progression of Kc. SF may provide a novel and important theoretical basis for Kc drug treatment; it may function as an underlying prophylactic drug resisting oxidative stress in corneal Kc injury.
N-acetylcysteine (NAc) is a compound containing active sulfhydryl groups, which enhances antioxidation and anti-free radical damage by direct antioxidation effects (57) . NAc, an antioxidant and ROS scavenger, is able to inhibit or prevent damage and cell death in corneas (58) . The majority of reports consider NAc to be a direct, fast-acting, short-acting antioxidant. In addition, various ophthalmic formulations of NAc have been widely utilized for other corneal disorders (59, 60) . compared with NAc, SF is a notable indirect antioxidant. It functions by stimulating the free radical scavenging system of the body and promoting the body to produce increased free radical scavenging enzymes. SF, a long-lasting antioxidant, has a long half-life and is not consumed in the antioxidation process. Therefore, the antioxidant response of SF was examined in the present study, with a focus on the protective effect of SF on Kc, including reducing the curvature of the Kc and increasing the thickness of the KC. The specific mechanisms of this protective effect were examined. However, further investigations can be performed to detect the protective effect of NAc on Kc corneas, or combined NAc and SF drugs, and provide further ideas for the treatment of Kc.
Previous studies have indicated that the pathogenesis of Kc consists of corneal thinning together with a reduced number of keratocytes, attributed to excessive oxidative stress and increased catalase activity (61) . No significant reduction in the number of corneal stromal cells was observed in the present study. This may be due to the fact that the level of ROS production was not high enough, the duration was short, and the endogenous compensatory mechanism was involved, thus reducing damage to corneal stromal cells by oxidative stress in the Kc model. The antioxidant SF may have a discernible beneficial effect on the inferred pathogenesis of KC by moderating the presence of ROS. These results support the potential effectiveness of antioxidants as a potential therapy, which is directed at the pathogenesis of the disease by promoting normal synthesis and reducing ROS levels. However, further investigations are warranted to solve important problems, including the assessment of HO-1 activities in various settings by measuring bilirubin spectrophotometrically, changes in the Nrf-2/HO-1 signaling pathway in the cell culture of Kc stroma cells, increasing the time window of targeting oxidative stress with SF, and assessing the functional state of rescued corneal stroma cells.
In conclusion, Kc induced an increase in ROS generation, and caused a marked increase in Km and a marked decrease in ccT. These effects were neutralized or reversed by SF treatment. Treatment with SF significantly decreased the expression levels of Nox-2 and Nox-4 and increased the expression levels of Nrf-2 and HO-1 in the Kc corneas. It was found that oxidative stress was present in the rabbit Kc model, and ROS production primarily originated from Nox-2 and Nox-4 in the Kc corneas. SF activated the Nrf-2/HO-1 pathway as a target to resist the oxidative stress response of Kc, thereby reducing corneal Km, increasing corneal ccT, and preventing the progression of Kc. These results suggested that SF may be an appropriate drug for the treatment of Kc. Overall, these experimental results suggested that the protective effect of SF on Kc corneas was mediated at least in part by activating the Nrf-2/HO-1 antioxidant pathway. These novel findings may improve current understanding of KC disease signaling pathways and thus reinforce the clinical treatment and management of Kc.
